In an ultrasonic field the region around a solid particle experiences small, localised velocity, pressure, and thermal fluctuations that decay rapidly over short length scales. Herein, we investigate the overlap of the rapidly decaying fields between two silica particles in water in the case where the particles are aligned with each other in the direction of the applied field. We explore the velocity, pressure, temperature, and vorticity in the region of the particles. We discuss the coupled particle effects in ultrasonic waves as particles begin to agglomerate or become more concentrated. The analysis is conducted in the long wavelength regime for particles of diameter 500 nm and frequency 9.7 MHz.
Introduction
Use of ultrasonic techniques are wide-spread throughout the industrial, medical, and research sectors [1, 2, 3, 4] . In medicine, diagnostic imaging of the internal body structures is commonly undertaken using ultrasonography. Safety protocols are in place to make sure that sonographers do not use too much ultrasonic power when carrying out biological imaging (e.g. an ultrasound scan of a fetus) but little is actually known about possible cellular interactions with the applied field. For this reason localised field effects in confined particle spaces must be studied. Steps are commonly implemented, however, to avoid tissue damage that may arise through overheating and mechanical stress, but fundamental changes to cellular processes can occur in response to even very small mechanical forces, as small as a trillionth of a newton [5] . With a continued drive towards using minute particles in vivo to deliver drugs [6, 7] , stimulate cellular responses [8] , and to act as imaging modalities [9] , Ultrasonic interactions with micro-and nanoparticles becomes increasingly important to understand. In most micro and nano confined structures novel interfacial effects are commonly found -e.g. localisation of light in subwavelength regions -surface plasmonics [10] . Thus, we investigate the localised fields around a pair of silica particles in water. We show the overlap of these fields and discuss their implications for larger, more concentrated systems. The understanding of the visco-elastic boundary layer effects forms a basis for future studies of ultrasonic interactions with cells and to understand possible toxicity effects from environmental nanoparticles in plants and mammals.
Two coupled silica particles in water
The localised scattered fields of two silica particles of 500 nm diameter are investigated with respect to the thermal and shear decay fields generated as a consequences of their material property contrasts with water. At the boundary between water and silica there are the two exponentially decaying fields, defined to have wavelengths [11] ,
and
where f is frequency, and λ S and λ T are the shear and thermal wavelengths, respectively. The physical material properties are listed in Table 1 . The silica spheres are examined with k S r ≈ 1 − 2 (where k S is the shear wavenumber, and r is the particle radius), which is the condition defined in previous works to identify the largest influences of shear fields in concentrated solid/liquid systems [12, 13] . We examine this particular condition because we wish to demonstrate the physics that occurs locally in such concentrated microfluids. Thus, we demonstrate the effects at 9.7 MHz, which gives a value of k S r equal to 1.46 .
The particles are simulated using Comsol Multiphysics [14] and the Thermo- 
Boundary effects leading to coupling
In the vicinity of the solid particles there is the development of two forms of local field: those from visco-inertial oscillations and those from thermal pulsations of the scatterer [11] . Figure 1 (top two plots) demonstrates the scattered 
Implications for more concentrated systems
This letter has highlighted two modes of coupling for solid particles in liquids when subjected to ultrasonic fields. The thermal and shear mode scattering is analysed using finite element modelling in order to better understand the localised field interactions due to shear and thermal effects. Indeed many traditional methods for modelling scattering from solid particles in fluids fail to account for the overlap of the thermal and visco-inertial boundary layers (e.g. [18] ) and as the system becomes more concentrated there develop extra multiple scattering events and the traditional models break down. We can see from the simple two particle problem that the overlap of the thermal and viscous fields is of importance within one shear wavelength of the particle boundaries (e.g. see Fig. 2 , where vorticity has dropped to almost zero after a single shear wavelength). Indeed, setting the criterion for strong shear wave influences on the system to be ψ ≤ λ S , where ψ is the average separation distance between the particles (boundary to boundary), it is possible to estimate the particle sizes, concentrations, and frequencies where the overlap becomes important. We define the average separation between particles to be (similar to Ref. [19] for emulsions)
where,
φ is the volume fraction of spheres in water and φ rcp is the random close packed volume fraction (≈ 0.64, for hard spheres). The relevance of the overlap effects increases when
This approximation gives some insight into how coupled particle effects due to the decay fields emerge with different particle sizes. For example, in values; e.g with a r = 44 nm particle at 100 MHz, volume fractions of 0.001 enable the nearest neighbours to be in the vicinity of one shear wavelength. Figure 3 shows the particle volume fractions at which concentrations of dif- ferent sized particles (nano to microscale) at different frequencies begin to be couple through the overlap of the shear wave fields. For the particles of 500 nm diameter, as analysed using the FEM method, at a frequency of ≈ 10 MHz, the particle would experience interaction when separated by one λ S at volume fraction ≈ 0.0045. We analysed the the two particles separated by r, which according to our approximation would be the average separation distance for a system of ≈ 13% volume percent. In our previous experimental investigation of silica of various sizes in water, including a nominal size of 500 nm, using ultrasound spectroscopy, we determined that there was clear evidence for the overlap effect through conversion of the compressional wave to shear waves and back to the compressional wave at the particle/liquid boundaries. At ≈ 13 − 20% volume percent and ≈ 10 MHz (see Figure 3 of reference [12] ) multiple scat-tering theory including shear effects matched the found attenuation spectra far better than without. Thus, the boundary layer fields are of high importance to those involved in sonography, particle characterisation, and medical analyses.
It is worth noting, that the pressure wave amplitude can be varied in order to increase or decrease the thermal fields. Here, at an initial pressure amplitude of 0.1 MPa the change to the temperature is relatively small and inconsequential -making the shear mode dominant. The small thermal fluctuations of mK size make the particles of this analysis compliant with FDA regulations banning increases of temperature higher than 1mK [7] . However, regularly higher amplitude pressures are applied in ultrasound guided drug delivery, for example, albeit at lower frequencies. Thus, future investigations should cover a larger span of particle sizes, pressure amplitudes, and frequencies using FEM. The current work is relevant to those involved in shallow biological imaging and diagnostics.
Conclusions
Our numerical experiments using finite element modelling have revealed the nature of the ultrasonically induced coupling of solid particles, such as silica, in water. We examined the case of the two particles aligned in the ultrasound field. It is known that these effects have a large influence on the attenuation of the compressional wave in complex media. We also approximated the concentrations, frequencies and particle sizes where the boundary layer effects begin to emerge. We conclude that finite element modelling can be used to enable understanding of the pressures, forces, thermal and velocity fields in low to high concentration systems and will help develop the next generation of ultrasonic imagining and characterisation in ways currently impossible due to difficulties in experimentally observing the local fields.
